Introduction {#Sec1}
============

Graviola, Soursop, Guanabana, Brazilian Paw Paw, and Annona muricata are names of an evergreen tree comprising 130 genera and 2300 species^[@CR1],[@CR2]^ discovered in South and North America's rainforest^[@CR3]^. The specific Graviola tree extracts from leafs and/or native population to treat various diseases and illnesses have used seeds. The molecules extracted from Graviola tree leafs and/or seeds, known as *Acetogenins* are molecules with approximately 35--37 carbon atoms that have been described to be associated with anticancer properties against various cancer cell lines, including multidrug-resistant cancer cell lines^[@CR4]--[@CR6]^. The exact cellular targets and the way of action of *Acetogenins* are still unclear. Recent studies show that annonacin, an *Acetogenin*, promotes cytotoxicity via a pathway inhibiting the mitochondrial complex I^[@CR7]^. Others have reported that the antitumor activity of Graviola leaf extract (GLE) may be attributed to the downregulation of the epidermal growth factor receptor^[@CR8]--[@CR10]^. GLE has also been reported to inhibit multiple metastatic and signaling pathways and to induce necrotic cell death by modulating the factors GLUT1, GLUT4, LDHA, HKII, NF-κB, and HIF-1α^[@CR8]--[@CR10]^. Furthermore, GLE has been referred as a hypoxia-induced NADPH oxidase activity inhibitor on prostate cancer cells by reducing nuclear HIF-1α levels, as well as it has been associated with inhibiting proliferative and clonogenic activities^[@CR11]--[@CR13]^.

Although new chemotherapeutic drugs have improved the prognosis and outcome of a variety of human cancers, the major problem is that these types of therapies result in limited efficacy as well as cytotoxicity to the normal tissues and organs. Moreover, chemotherapeutic drugs also lead to drug-resistant and relapsed tumor growth. Therefore, identification of drugs that are able to target the cancer cells without having toxic effects to normal cells would be more beneficial in the long term to the patients.

In the present study, an alcohol extract of the active ingredients found in GLE was investigated against various cancer cell lines for its antiproliferative and anticancer properties, as well as on non-cancer cell lines. In silico studies have identified a novel mode of action of the most abundant molecule found in GLE called annonacin that behaves as a potent inhibitor of the sarcoplasmic/endoplasmic reticulum (ER) calcium ATPase and sodium/potassium ATPase pumps. Overall, GLE is found to be associated with strong anticancer properties with limited toxicity.

Results {#Sec2}
=======

Thin-layer chromatography (TLC) and mass spectrometry {#Sec3}
-----------------------------------------------------

The TLC was used as one of the methods of isolating/purifying the annonacin (Rf = 0.87) molecule out of the ethanoic GLE pill extract (data not shown). Additionally, the ethanoic extract was further analyzed by LC--MS. The full MS spectrum of a chromatographic peak with a retention time (tR) of \~11.9 min showed a main singly charged ion peak at *m*/*z* 597.63 with additional peaks at *m*/*z* 619.59, 579.64, and 561.59 Da. The main peak was in good agreement with the expected protonated mass of annonacin. The additional peaks were attributed to sodium adduction (*m*/*z* 619.59) and to the loss of one and two water molecules (*m*/*z* 579.64 and 561.59 Da, respectively). The fraction eluted between 11.70 and 12.20 min was collected, reconcentrated, redissolved, and subjected again to LC--MS analysis. The base peak intensity chromatogram of the purified sample is shown in Fig. [1a](#Fig1){ref-type="fig"}. The MS spectrum of the high abundant chromatographic peak at 11.68 min shows the same *m*/*z* peaks as described above (Fig. [1b](#Fig1){ref-type="fig"}), and therefore it can be concluded that the purified sample highly consisted of annonacin^[@CR14],[@CR15]^.Fig. 1LC--MS and ESI--QTOF--MS analysis of the purified sample from the ethanoic extract of Graviola.**a** Base peak intensity chromatogram of the purified sample and **b** MS spectrum of the peak at 11.68 min. The main peak at *m*/*z* 597.63 Da agrees with the expected singly protonated mass of annonacin. The peak at *m*/*z* 619.59 Da can be attributed to the sodiated molecular ion of annonacin, while peaks appearing at *m*/*z* 579.64 and 561.59 correspond to the loss of one and two molecules of water, respectively. **c** ESI--QTOF--MS/MS spectrum of the \[M+Na\]^+^ adduct of annonacin showing the loss of 112 amu corresponding to the loss of the lactonic ring, which has been previously reported^[@CR28],\ [@CR29]^

In addition, we further analyze the LC purified sample that was obtained from the ethanoic extract of Graviola, using high-resolution MS. Figure [1c](#Fig1){ref-type="fig"} shows the ESI--QTOF--MS/MS spectrum of the \[M+Na\]^+^ adduct. The parent ion peak for the singly charged ion observed at *m*/*z* 619.4674 Da is in good agreement with the expected mass of annonacin (PubChem CID: 354398, monoisotopic mass: 596.465 g/mol) with a sodium adduct, which has also been reported previously^[@CR1],[@CR2]^. The daughter ion peak at *m*/*z* 507.4149 is generated from the loss of the lactonic ring.

In vitro cytotoxicity {#Sec4}
---------------------

In order to evaluate the antiproliferative and antitumor effects of the GLE pill ethanol extract, we treated different cancer cell lines. As indicated in Fig. [2a](#Fig2){ref-type="fig"}, the extract induced cell death in a dose-dependent manner for Hep2 and Sum159. In contrast, the extract had limited death-inducing effects in a non-transformed cell line (MCF10A). Additionally, the non-toxic effects of the extract were also confirmed and observed using a clonogenic assay in non-transformed breast cell line (MCF12F) (Fig. [2b](#Fig2){ref-type="fig"}). Cell migration was also investigated using a monolayer wound-healing assay. As shown in Fig. [2c](#Fig2){ref-type="fig"}, cell movement was dramatically reduced in GLE-treated pancreatic cancer cells compared to untreated cells.Fig. 2The efficacy of Annonacin on normal Vs cancer cell lines and its anti-metastatic properties.**a** Graviola extract's effect on Hep2, Sum159, and MCF-10A cell lines. **b** Colony survival assay in a dose-dependent manner on MCF-12F cell line. **c** Wound-healing assay in control and 0.1 mg/ml extract treated with Mia-PACA-2 cell line. All studies were performed in three independent experiments (*n* = 3)

To quantify the antiproliferative effects of GLE, we performed the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction assay. As indicated in Fig. [3a](#Fig3){ref-type="fig"}, GLE promoted cell death in a dose-dependent manner in MCF-7, Mia Paca-2, and SUM-159 cells (IC~50~ = 0.01 mg/ml). Once again, GLE had limited antiproliferative effects in normal non-transformed breast cell line (MCF-12F). In contrast, the chemotherapeutic drug cisplatin promoted cytotoxicity effects in all cancer cell lines as well as in the normal non-transformed cell line (Fig. [3a](#Fig3){ref-type="fig"}). These studies indicate that GLE is able to have selective antiproliferative and death-inducing effects in cancer cells with limited effects on normal cells. GLE had also been tested on human peripheral blood lymphocytes without any effects (data not shown).Fig. 3Dose-depended efficacy study of annonacin on cancer and normal cell viability.**a** MTT cytotoxicity assay in MCF-7, MCF12-F, Mia Paca-2, and SUM-159 cell lines treated with Graviola in a dose-dependent manner and cisplatin 10 μM, *p* \< 0.001. **b** MTT cytotoxicity assay in MCF-7, MCF12-F, Mia Paca-2, and SUM-159 cell lines treated with Graviola extract, ouabain 1 mM, and DBHQ 5 μM, *p* \< 0.001. **c** Caspase 3/7 Green Fluorescent kit on Mia-PACA-2 cell lines. Statistical analysis is determined by one-way ANOVA (*p* \< 0.05)

To determine whether the cell death effects of GLE are mediated via a caspase-dependent pathway, we performed Caspase 3/7 green fluorescent assay. As shown in Fig. [3b](#Fig3){ref-type="fig"}, GLE promoted an apoptotic cell death pathway by inducing caspase 3 and 7, respectively, as indicated in its increase in fluorescent-staining activity (Fig. [3c](#Fig3){ref-type="fig"}). We also repeated our MTT assay in the presence and absence of Z-VAD-FMK, a cell-permeable pan-caspase inhibitor. Z-VAD-FMK was observed to partly reduce the antiproliferative effects of GLE (Fig. [3b](#Fig3){ref-type="fig"}), therefore suggesting that GLE death-inducing effects are partly mediated by an apoptotic pathway.

We additionally performed Western blotting to confirm whether GLE induced an apoptotic cell death pathway. As shown in Fig. [4a](#Fig4){ref-type="fig"}, GLE induces both caspase 3 and caspase 9 expression in a dose-dependent manner in Mia Paca-2 cells, confirming our previous data above. GLE had limited effects on inducing caspase 3 and caspase 9 expression in normal MCF12F cell line (Fig. [4a](#Fig4){ref-type="fig"}). We also determine whether GLE is able to have effects on both phospho-ERK and phospho-Akt that are well-known cell-proliferative markers. As indicated in Fig. [4a](#Fig4){ref-type="fig"} and [b](#Fig4){ref-type="fig"}, GLE reduced both phospho-ERK and phospho-Akt in a dose-dependent manner in the Mia-PACA-2 cancer cells but had limited effects on normal MCF-12F cells.Fig. 4Western Plot study for Protein expression after treatment with annonacin.**a** Caspase-3, caspase-9, and caspase-8 protein expressions in cells treated with 0.05 mg/ml and 0.1 mg/ml concentrations on pancreatic cancer cell lines. **b** AKT and ERK protein expressions in cells treated with 0.05 mg/ml and 0.1 mg/ml concentrations on pancreatic cancer cell lines. Tubulin and actin act as a control. All studies were performed in three independent experiments (*n* = 3)

In silico study of GLE and docking simulations corroborate the predicted targets of the structure similarity analysis {#Sec5}
---------------------------------------------------------------------------------------------------------------------

Due to the similarity of annonacin and the cardiotonic steroids (CSs) and given the fact that these compounds strongly inhibit NKA, docking experiments were performed with GOLD 5.2. The PDB 4HYT was chosen for the modeling studies since NKA was co-crystalized with ouabain in the high-affinity complex (E2P form). Before docking annonacin, a validation of the results was performed by re-docking ouabain and comparing to the crystal structure. Small deviations were obtained between the predicted and crystalized ouabain with a RMSD of 0.9591 Å, including the sugar moiety (Fig. [5a--c](#Fig5){ref-type="fig"}). Control docking experiments with the low-affinity complex of NKA and ouabain (PDB ID: 3A3Y) showed a considerable reduction in the docking^[@CR16]^. The docking model showed that they also bind deep in the cavity (Fig. [5c](#Fig5){ref-type="fig"}). The crucial hydrogen bond with Thr797 was also predicted, as well as the van der Waals interactions with Phe783 in addition to hydrogen bonds with Asp121 and Asn122, thereby resembling the annonacin-binding mode as well. Notwithstanding, due to the high flexibility of these compounds, a conserved binding mode was not achieved among annonacin compounds but the main interactions were observed.Fig. 5Docking of muricins in the transmembrane domain of Na^+^ and K^+^-ATPase (PDB ID: 4HYT) with GOLD 5.2.**a** Docking validation showing an overlay of co-crystallized (green) and docked ouabain (light blue). **b** *Annonacin*. **c** Overlay of the docked compounds. **d** Modulation of the ATPase activity of the Na^+^and K^+^-ATPase in vitro with extracts from *Annona muricata*. **e** Comparison of ER Ca^2+^ refilling kinetics under control conditions and in the presence of 1 mh/ml Graviola extract (*n* = 5). **g** Estimation of SERCA pump activity by measuring ER Ca^2+^ refilling of previously emptied ER (*n* = 3--6). **f** NKA pump inhibition curve showing the effect of Graviola (red) and amygdalin (black)

To further confirm the obtained results, a data pipeline was constructed in Knime^®^ to compare the Tanimoto coefficients with the same database of cancer chemotherapeutics comprising 228 compounds. Annonacin showed similarities with both NKA and SERCA pump inhibitors (Table [1](#Tab1){ref-type="table"}), meaning that they could be non-selective P-type ATPase inhibitors, such as ivermectin^[@CR17]^, supporting the principal component analysis (PCA) results.Table 1Summary of in silico results from the PCA and docking studiesCompoundPC1PC2PC3PC4TargetDocking score^b^AcetogeninsVery highNon-aromaticHighVery flexibleNKA SERCA32.81 ± 3.97^c^OuabainHighNon-aromaticMediumSemi-rigidNKA45.31 ± 0.39IvermectinVery highNon-aromaticHighVery flexibleNKA and SERCA^a^29.59 ± 1.51 and 29.84 ± 0.86PC1 characterizes the size, shape, and polarizability; PC2 indicates aromaticity and conjugation; PC3 describes lipophilicity, polarity, and H-bond capacity; and PC4 describes flexibility and rigidity. *NKA* Na^+^,K^+^-ATPase, *SERCA* Ca^2+^-ATPase, *n*.*d*. not determined^a^According to ChemGPS-NP, CheS-Mapper, and Knime^®b^Obtained with GOLD 5.2 using PDBs 4HYT (NKA) and 2AGV (SERCA), data represent mean ± SD^c^Mean docking scores of the compounds that belong to this class

In order to validate our in silico data, we tested the effects of GLE on modulating both NKA and SERCA activity. As shown in Fig. [5f](#Fig5){ref-type="fig"}, GLE inhibited NKA activity in a dose-dependent manner, where amygdalin, another nature extract, was used as a negative control. Furthermore, GLE strongly reduced SERCA activity (Fig. [5e](#Fig5){ref-type="fig"}). We also compared GLE against a known SERCA inhibitor 2,5-di-t-butyl-1,4-benzohydroquinone (BHQ), as indicated in Fig. [5g](#Fig5){ref-type="fig"}. These results demonstrated that GLE is a potent inhibitor of both NKA and SERCA pumps and confirms our in silico results.

As an additional piece of confirming information, we next examined whether known inhibitors of NKA and SERCA are able to promote cell death in cancer cell lines. As demonstrated in Fig. [5d](#Fig5){ref-type="fig"}, ouabain (a well-known NKA inhibitor) was shown to induce cell death in Mia-PACA-2 pancreatic cancer cells. Similar effects of ouabain-induced cell death were also observed in other cancer cells (data not shown). In addition, the SERCA inhibitor BHQ induced cell death in Mia-PACA-2 cells (Fig. [5d](#Fig5){ref-type="fig"}).

In vivo examination {#Sec6}
-------------------

Our results so far demonstrated that GLE may have a novel role in promoting cell death in cancer cells via inhibiting NKA-dependent and SERCA-dependent pathways. In order to show any association between NKA and SERCA expression and activity with cancer, we investigated a bioprofiling and prognostic value of NKA and SERCA in low vs. high-grade expression in various human cancers. As indicated in Fig. [6a and b](#Fig6){ref-type="fig"}, there was a clear and strong correlation between the high NKA isoform and SERCA isoform expression, and reduced survival rates in various cancers, including breast, colon, brain, and kidney cancers. These results indicated a strong association between the high expression of NKA and SERCA and survival rates. Finally, we also investigated the in vivo effects of GLE in a xenograft cancer mouse model. GLE was tested for toxicity in NOD.CB17-Prkdcscid/J mice at doses as high as 400 mg/kg. Because of poor water solubility, a carrier based on DMSO and Cremophor ELP was selected for the in vivo administrations. The extract was found to be toxic at doses higher than 50 mg/kg (400, 200, 100, 50, 25, and 10 mg/kg tested for toxicity) as mice died soon after the administration of these doses. At lower doses, i.e., 25 and 10 mg/kg, mice survived well. At these doses, mice showed no signs of toxicity or any other kind of side effects during the observation period of 2 weeks. Thus, we concluded that, under the experimental conditions used herein, the maximum tolerated dose (MTD) for the GLE is 25 mg/kg.Fig. 6NKA and SERCA pumb subunit-related survival analysis of different cancer types; Bio-Profile study.**a** (I-II, breast cancer; III colon cancer; IV kidney cancer) Survival analysis of NKA genes expression. **b** (I, adenocortical carcinoma; II, brain cancer; III breast cancer) Survival analysis of SERCA genes expression. **c** Effect of Graviola extract in MIA PaCa-2 xenografts. MIA PaCa2 at an inoculation density of 1 × 10^6^ cells/injection was injected subcutaneously into the axillary region of female NOD/SCID mice (age 8--10 weeks). When tumors reached \~200 mm, three animals were randomized into three groups (untreated, carrier, and Graviola treated), where each one consisted of eight mice and administrations were started. Graviola extract was administered at a dose of 25 mg/kg in a 5% Cremophore ELP/10% DMSO/NS and a 5 days on/2 days off schedule (arrows show administrations, where numbers above the arrows show the days post tumor cell's inoculation). Each point shows the mean ± SD. The experiment ended when tumors of the untreated mice reached a volume of about 2000 mm^3^ (\~10% of mice's weight)

To further test in vivo efficacy, GLE was tested for activity against MIA PaCa-2 xenografts. The dose administered was the MTD (25 mg/kg) with mice receiving a total dose of 375 mg/kg during a period of 3 weeks. As it can be seen in Fig. [6c](#Fig6){ref-type="fig"}, the extract showed a trend to delay the growth of the tumors without reaching a statistical significance. Mice showed no signs of toxicity throughout the experimental period.

Discussion {#Sec7}
==========

P-type ATPases are ion pumps belonging to a superfamily of membrane proteins that catalyze the selective active transport of different ions across biological membranes of organelles or at the plasma membrane^[@CR17],[@CR18]^. Some of the most important and best-studied P-type ATPases are the NKA, SERCA pump, and the vacuolar H^+^-ATPases. Pharmacological inhibition of P-type ATPases has been proven successful for the treatment of some pathophysiological conditions, including cancer, and are thereby attractive drug targets^[@CR18],[@CR19]^.

In this study, further insights into the mechanism of cytotoxicity of GLE and its active ingredient annonacin were obtained. This study for the first time provides further insights into their mechanism of action by showing annonacin as a potent inhibitor of the NKA. The PCA analysis showed that they were placed in-between the alkylating agents (AA) and CSs, thus confirming the previously reported and the new target found herein. On the other hand, the natural products from the *Annonaceae* family of plants (*Annonaceous acetogenins*) are potent inhibitors of the NADH--ubiquinone reductase (complex I) activity of mammalian mitochondria^[@CR20]^. Nevertheless, our results additionally showed that they resemble ivermectin that prevents the ion transport of NKA (Table [1](#Tab1){ref-type="table"}).

Biochemical analysis showed GLE, a major constituent annonacin as a direct inhibitor of NKA. Nevertheless, in the present study, the reported effect of partial charge distribution, and hence the long-range electrostatic interactions with Mg^2+^ observed with the carbonyl group of the lactone present in ouabain and site II^[@CR20]^ may be absent in the annonacin molecule presented herein. This is due to the predicted positioning of this moiety in the binding site (facing the extracellular phase of NKA), which may account for the strong decrease in the inhibitory activity compared to CSs, as shown in the biochemical experiments. CSs inhibit NKA in a low nanomolar range. Thus, an inverted positioning of the lactone moiety of annonacin in the binding site (lactone facing sites I and II) would prevent the pivotal hydrogen bond with Thr 797, explaining the predicted binding mode. Structural analysis of amino acid residues in the transmembrane hairpin M5--M6 of NKA has identified Phe783 and Thr797 as determinant residues for ouabain sensitivity; thereby, interactions with them play key roles in the inhibition of this ion pump,^[@CR20],[@CR21]^ as also predicted for annonacin in the docking experiments (Fig. [4a--c](#Fig4){ref-type="fig"}).

Altogether, our in silico study approaches along with our biochemical studies demonstrated a novel mechanism of action of annonacin explaining their known cytotoxic effects.

The ER and calcium signaling contribute to the regulation of normal and pathological signaling that is controlled by a family of protein channel enzymes that include the sarco/endoplasmic reticulum calcium ATPase pumps (SERCAs)^[@CR22]^. There are 14 different SERCA isoforms that are encoded by three ATP2A1--3 genes. A number of studies have reported that altered expressions of SERCA isoforms are associated with cancers. Similarly, sodium/potassium ATPase pumps (NKA) that regulate the levels of sodium and potassium within cells also play a role in signaling and their activity is also altered in several pathological disorders including cancer^[@CR23]^.

In the present study, we provide further insights into the antiproliferative and anticancer effects of GLE and more specifically of the major molecule found in GLA, annonacin. We tested and reported herein for the first time the in vivo toxicity of the GLE in mice showing that GLE can be administered safely to animals at doses up to 25 mg/kg/injection and an overall dose of about 400 mg/kg using almost daily administrations of this dose. We further tested the in vivo efficacy of GLE against human-to-mice pancreatic xenografts. Pancreatic cancer is one of the most lethal types of cancer today, and the development of novel or more efficacious approaches is an unmet medical need^[@CR24]^. Although at this dose we could not see a clear beneficial effect of GLE against xenografted tumors, there was a trend toward a delay in tumor growth. However, the total dose is much lower than the limit of the 1100 mg/kg total dose that is considered the upper limit for all clinically useful antitumor agents^[@CR25]^. Moreover, it would be of interest to test annonacin instead of the extract as this natural compound is considered the most important ingredient in terms of activity of GLE.

In regard specifically to annonacin, our in silico studies have identified this compound for the first time, as a possible strong inhibitor for both NKA and SERCA pumps. We validated our in silico findings and proved that Graviola is able to inhibit both NKA and SERCA activity. It has been reported that annonacins are also potent inhibitors of the NADH--ubiquinone reductase (complex I) activity of mammalian mitochondria^[@CR20]^. Thapsigargin, a known SERCA inhibitor, disrupts Ca^2+^ homeostasis, and causes cell death in cancer cells, supporting further evidence that inhibiting SERCA activity promotes cell death. Expression of different SERCA isoforms has been reported in various cancers, and our bioprofiling studies show a strong correlation between high SERCA isoform expression and reduced cancer patient survival. Moreover, our in vivo xenograft pancreatic model corroborates and suggests that GLE also reduces the growth rate of cancer which suggests that the active agent annonacin is a strong and promising candidate against cancer by acting partly on reducing SERCA activity.

Ouabain, an NKA inhibitor, has previously been used for the treatment of atrial fibrillation and heart failure^[@CR22]^. Its potential anticancer effect has also attracted great interest and it was recently shown to induce cell death in renal cancer cells. In the same study, the expression of NKA α3 but not the α1 isoform was associated with ouabain sensitivity, suggesting that isoform specificity and activity may be associated with cellular proliferation and cancer propagation^[@CR22]^. Such study also substantiates our bioprofiling analysis showing a strong correlation between high NKA isoform expression and reduced human kidney cancer survival. Taken together, these results suggest that GLE annonacin acts via a novel signaling pathway involving both NKA and SERCA to sensitize cell death in cancer cells without affecting normal cells that may also be dependent on the expression and specificity of NKA and SERCA isoforms in cancer.

Computational analysis and docking data corroborated the similarity of annonacins with the CSs by showing a similar binding mode in the high-affinity CS-binding site, which is constituted by the transmembrane helices αM1--6 of the catalytic α-subunit forming the extracellular ion exchange pathway^[@CR26],[@CR27]^. The lactone of CSs is one of the most important features of these compounds, which is also present in muricins.

Moreover, our in vitro data additionally show that the cell death-inducing effects of GLE annonacin may be partly mediated via an apoptotic pathway, as indicated by the increased expression of both active caspase-9 and caspase-3. The inhibition of the SERCA pump by Graviola may provoke mitochondrial activity and induce the generation of mitochondrial ROS, and trigger cytochrome C caspase-9 and caspase-3 intrinsic pathways. However, we cannot rule out other cell death pathways that may be mediated by GLE annonacin such as necroptosis and autophagic-induced cell death. The NKA inhibitor, ouabain, has been shown to induce apoptosis and autophagy in Burkitt lymphoma and lung cancer cells^[@CR28]^. Similarly, SERCA inhibitors have also been reported to induce both apoptosis and autophagic cell death^[@CR29]^. Despite the differences in cell death pathways, it has been suggested that apoptosis, necroptosis, and autophagy may be intimately connected and modulated by similar regulators. Further work is required to determine whether GLE annonacin can possibly act by mediating multiple cell death pathways^[@CR30],[@CR31]^. Our study has highlighted and identified a novel pathway mediated by GLE annonacin as an inhibitor of both NKA and SERCA pumps. We propose that GLE annonacin could be targeting NKA and SERCA activity in cancer sensitizing them to cell death and therefore be a novel promising approach toward treating cancer^[@CR31]^.

Materials and methods {#Sec8}
=====================

Cell culture and reagents {#Sec9}
-------------------------

MCF10-A and MCF12F cells were obtained from Barbara Ann Karmanos Cancer Institute (Detroit, MI) and were maintained in DMEM-F/12 medium containing 5% heat-inactivated horse serum, 10 µg/ml insulin, 20 ng/ml EGF, 0.1 ng/ml cholera enterotoxin, and 0.5 µg/ml hydrocortisone. MCF-7, PC-3, HeLa, and HEP-2 were cultured as NCI-PBCF-HTB22 (ATCC^®^ HTB-22™).

MIA PaCa-2 (ATCC^®^ CRL-1420™) human pancreatic cancer cell line (carcinoma derived from tumor tissue of the pancreas obtained from a 65-year-old Caucasian male), purchased by ATCC (ATCC-LGC, Germany), was cultured in RPMI 1640 medium (Gibco, Grand Island, NY, USA) supplemented with 100 U/ml penicillin + 100 μg/ml streptomycin (Gibco, Grand Island, NY, USA), 2 mM L-glutamine (Gibco, Grand Island, NY, USA), and 5% fetal bovine serum (Lonza, Verviers, Belgium), at 37 °C in a humidified atmosphere containing 5% CO~2~.

### In silico {#Sec10}

#### Chemographic mapping with ChemGPS-NP and CheS-Mapper {#FPar1}

In order to visualize the chemical space of the compounds of interest in 3D, and to gather information on its mechanism of action, a PCA with ChemGPS-NP^[@CR32]^ (<http://chemgps.bmc.uu.se>) was carried out using a database of two^[@CR28]^ cancer chemotherapeutics reported in De Ford et al^[@CR33]^. Subsequent cluster analysis was performed with CheS-Mapper^[@CR34]^ (<http://ches-mapper.org/>). The compounds were submitted in SMILES format and compared against the database. ChemGPS-NP comprises 35 molecular descriptors that are subdivided into eight principal components (PC) with physicochemical properties considered. Data were analyzed as previously described^[@CR33]^. The SMILES and PC values for the compounds tested are shown in Table [1](#Tab1){ref-type="table"}.

#### Tanimoto coefficient similarity search with Knime^®^ {#FPar2}

A data pipeline was constructed in Knime^®^ (Zurich, Switzerland) to compare the Tanimoto coefficient of the compounds to the database of chemotherapeutic compounds from the database. The obtained results were subsequently analyzed to obtain further information on the mechanism of action.

#### Docking calculations with GOLD 5.2 {#FPar3}

The crystal structures of Na^+^,K^+^-ATPase (NKA) in the E2P conformation (a high-affinity complex with ouabain; PDB ID: 4HYT)^[@CR35],[@CR36]^, in the E2·2K^+^·Pi (a low-affinity complex with ouabain; PDB ID: 3A3Y)^[@CR16]^ were downloaded from the protein data bank^[@CR37],[@CR38]^ and subjected to docking studies using GOLD 5.2 software (CCDC, Cambridge, UK). Three independent docking experiments were performed using the default docking settings with a total of 30 genetic algorithm (GA) runs per compound for each individual experiment. The docking was allowed to terminate when the top three solutions were within the 1.5 Å root-mean-square deviation (RMSD). The active site radius was set at a distance of 15 Å from Phe783 in both NKA crystals. Intermolecular interactions were described using Discovery Studio 4.0 (Accelrys Inc., San Diego, CA, USA).

Bioprofiling {#Sec14}
------------

This method was used to analyze biological data of recently developed analytical tools for genomics, proteomics, and metabolomics^[@CR39]^.

Na^+^ and K^+^-ATPase activity {#Sec15}
------------------------------

NKA membranes were purified from pig kidney outer medulla, as previously described^[@CR40]^. The ATPase activity assay was carried out at 37 °C in a medium consisting of 130 mM NaCl, 20 mM KCl, 4 mM MgCl~2~, 3 mM ATP, and 20 mM histidine (pH 7.4)^[@CR41]^. The enzyme was incubated with varying concentrations of the compounds for 30 min at 37 °C prior to the addition of ATP. Specific Na and K-ATPase activity was calculated as the difference in Pi release in the absence and presence of 1 mM ouabain^[@CR40]^. The data on residual Na and K-ATPase activity are presented as a function of inhibitor concentration.

In situ measurements of SERCA activity {#Sec16}
--------------------------------------

Cells were transiently transfected with the ER-targeted genetically encoded FRET Ca^2+^ sensor vYC4-ER and measured in single cells as previously described^[@CR42],[@CR43]^. Experiments with the ER were completely emptied by preincubation with 15 µM BHQ and 100 µM histamine in the nominal absence of extracellular Ca^2+^. After reaching a stable minimum, the agonists and BHQ were washed, and the compound to be tested was added 1 min prior to re-addition of extracellular Ca^2+^. SERCA activity is reflected by the kinetics of ER refilling compared with controls.

Extraction {#Sec17}
----------

Two "Graviola" capsules provided from "Advance Physician Formulas" (500 mg per tablet) were diluted in absolute ethanol, followed by 24 h of stirring in room temperature incubation. The extract was centrifuged at 5000 rpm for 5 min, collected, filtered, and evaporated using a rotary evaporator at 45 °C. The concentrated sample was resuspended in 3 ml of absolute ethanol and filtered through a sterile micropore (2.2 μm). Finally, the pure extract re-evaporated by nitrogen gas and reweighted to quantitate the extract (124 mg; yield = 24.8%).

Molecular isolation and characterization {#Sec18}
----------------------------------------

### Thin-layer chromatography {#Sec19}

A standard method was used according to Patrikios et al. The developing solvent system used was HPLC-grade ethanol:water (80:20 ml/ml). The developed chromatogram was observed under iodine vapor^[@CR44]^.

### Liquid chromatography--mass spectrometry analysis {#Sec20}

An aliquot of the dried extract was resuspended in 20% acetonitrile, 0.1% trifluoroacetic acid solution, and purified by solid-phase extraction using an Oasis 10-mg HLB cartridge. The eluted sample was lyophilized using a centrifugal vacuum evaporator and redissolved in 35% acetonitrile and 0.1% formic acid solution prior to LC--MS analysis. Chromatographic analysis of the sample was performed on an Acquity I-Class UPLC system using an Acquity UPLC HSS T3 (2.1 × 150 mm, 1.8 mm) analytical column. Column temperature was set to 45 °C and the injection volume was 2 µL. A gradient elution with a total run time of 40 min was performed at a flow rate of 0.4 ml/min. Briefly, initial conditions of 35% of mobile phase A (0.1% formic acid in water) were kept for 5 min, followed by a linear gradient from 65 to 85% of mobile phase B (0.1% formic acid in acetonitrile) in 20 min, column wash with 99% mobile phase B for 7 min, and column equilibration to initial conditions for 8 min. Full-scan MS data from 400 to 800 *m*/*z* were collected on a Waters Xevo TQD MS instrument in a positive ion mode.

### ESI--QTOF--MS analysis {#Sec21}

A single LC fraction (11.70--12.20 min) was collected, evaporated to dryness, redissolved in 50% methanol and 0.1% formic acid, and subjected directly to high-resolution MS analysis. The analysis was performed on a Synapt G2-Si HDMS instrument (Waters, UK) equipped with the standard z-spray electrospray ionization (ESI) source. The spectrum was acquired in an ion-positive mode. Instrument control and data processing were performed using the Waters MassLynxTM 4.1 data system. The sample was infused using a syringe pump (Harvard Syringe Pump, model 55--2222, Holliston, MA, USA) and a 100-μL Hamilton syringe (Bonaduz, Switzerland), at a flow rate of 5 μL/min.

### LIVE/DEAD^®^ Viability/Cytotoxicity Kit "for mammalian cells" {#Sec22}

The viability assay was performed according to Molecular Probes Invitrogen Detection Technologies. Revised: 21 December 2005.

### Wound-healing assay {#Sec23}

The wound-healing assay was performed according to Jonkman, James E. N. et al^[@CR45]^.

### Western blotting analysis {#Sec24}

After treatment, the cells were washed twice with PBS and scraped with lysis buffer (4% sodium dodecyl sulfate, 20% glycerin, 20 mM Tris--HCl, 1 mM PMSF, 1 mM NaF, and 200 μM Na~3~VO~4~). Then, they were loaded onto each lane of a 12 or 15% SDS--polyacrylamide gel for electrophoresis and transferred onto nitrocellulose membranes. Primary antibodies (Cell Signaling, Danvers, MA, USA) were incubated overnight at 1/1000 dilution. Horseradish peroxidase-conjugated secondary antibodies (DAKO, Ely, UK) were used at 1/5000 dilution. In all cases, membranes were blocked with 5% skim milk in TBST (10 mM Tris--HCl, 0.1 M NaCl~2~, and 0.5% Tween 20, pH 8.0) for 2 h at room temperature. After blocking, membranes were incubated for 2 h with an anti-human primary antibody at room temperature followed by overnight incubation at 4 °C. After washing with TBST three times, the membranes were incubated with the corresponding secondary antibody for 1 h at room temperature. The protein bands were detected using the Western Luminescent Detection Kit. Finally, the Western blot images were analyzed using the ChemiDoc XRS system with actin and tubulin used as the protein control.

### Caspase-3/7 activity assay {#Sec25}

The assay was performed according to the manufacturer's protocol. CellEvent™ Caspase-3/7 Green Detection Reagent was purchased.

### MTT Cell Growth Assay Kit {#Sec26}

Cell viability tests were performed according to the manufacturer's protocol Cell Proliferation Kit I (MTT).

Cell viability was measured as a percentage of cell survival in drug-treated cells relative to untreated cells. The results are reported as means from three different experiments performed at least in triplicate, *p* \< 0.05.

In vivo toxicity study {#Sec27}
----------------------

For the in vivo toxicity study, NOD.CB17-Prkdc^scid^/J mice bred in our breeding facility (EL-42BIO/br-01, Panepistimiopolis, Larissa, Greece) were used. The mouse colony was maintained in a pathogen-free environment in type IIL cages. Female mice, 6--8-weeks old, were used in the studies described here. During the experiments, all animals were kept under specific pathogen-free conditions at the animal facility of our department (EL42-BIO/exp-03) and allowed ad libitum feed and water. Acute toxicity determination to find the MTD for the animals was performed following the guidelines of the NCI as described elsewhere. Extracts were administered in a 10% DMSO/5% Cremophor ELP (BASF, Ludwigshafen, Germany)/PBS carrier. An animal that received only the carrier was used as control to exclude any side effects due to the carrier. The drug was administered intraperitoneally in mice at a volume of 20 μL/1 g of weight, and the volume was adjusted for the weight of each individual mouse. For the needs of this experiment, the parameters observed and recorded were survival, weight loss, and behavioral changes for a period of 2 weeks, and two independent series of experiments were performed.

Experimentation and handling of animals were performed in accordance to the Greek laws (PD 56/2013 and Circular 2215/117550/2013) and to the guidelines of the European Union (2013/63/EU).

To generate xenografts, exponentially growing cultures of MIA PaCa-2 human pancreatic cancer cells were subcutaneously injected at the axillary region of 8--10-week-old female NOD.CB17Prkdc^scid^/J mice from our animal facility (1 × 10^6^ cells/injection, one injection per mouse). When the tumors reached a size of about 200 mm^3^ (advanced-stage model), the mice were arbitrarily divided into three groups and each group consisted of eight mice (*n* = 8/group). Subsequently, mice were treated intraperitoneally once per day for 3 weeks (15 administrations) either with vehicle (10% DMSO and 5% Cremophore in 0.9% NaCl) or Graviola extract (25 mg/kg). One group received no treatment and served as the control group. Mean tumor volume and standard deviation (SD) for all groups were calculated, and growth curves were plotted as a function of time. In order to study the in vivo effect of the extract, mean tumor volume and SD for all groups were calculated, and growth curves were plotted as a function of time. Tumor volume was calculated according to the formula \[(*a* × *b*^2^)/2\], where *a* = length and *b* = width of the tumor as measured with a vernier's caliper (measurements were performed twice a week). When tumor volume reached a size of approximately 10% of the mouse weight (2000--2200 mm^3^), mice were euthanized. Mice were also weighed to monitor toxicity twice a week.

Statistical analysis {#Sec28}
--------------------

Statistical analysis was performed using ANOVA or Student\'s *t*-test and the GraphPad Prism version 6 software package (GraphPad Software, Inc., La Jolla, USA). A *p* \< 0.05 was considered as statistically significant.
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